Background: Understanding viral etiology and age-specific incidence of acute respiratory infections in infants can help identify risk groups and inform vaccine delivery, but community-based data is lacking from tropical settings. Methods: One thousand four hundred and seventy-eight infants in urban Ho Chi Minh City and 981 infants in a semi-rural district in southern Vietnam were enrolled at birth and followed to 1 year of age. Acute respiratory infection (ARI) episodes were identified through clinic-based illness surveillance, hospital admissions and self-reports. Nasopharyngeal swabs were collected from infants with respiratory symptoms and tested for 14 respiratory pathogens using multiplex reverse transcription-polymerase chain reaction. Results: Estimated incidence of ARI was 542 and 2691 per 1000 infant-years, and hospitalization rates for ARI were 81 and 138 per 1000 infant-years, in urban and semi-rural cohorts, respectively, from clinic-and hospital-based surveillance. However self-reported ARI episodes were just 1.5-fold higher in the semi-rural versus urban cohort, indicating that part of the urban-rural difference was explained by under-ascertainment in the urban cohort. Incidence was higher in infants ≥6 months of age than <6 months, but this was pathogen-specific. One or more viruses were detected in 53% (urban) and 64% (semi-rural) of samples from outpatients with ARI and in 78% and 66% of samples from hospitalized ARI patients, respectively. The most frequently detected viruses were rhinovirus, respiratory syncytial virus, influenza virus A and bocavirus. ARI-associated hospitalizations were associated with longer stays and more frequent ICU admission than other infections. Conclusions: ARI is a significant cause of morbidity in Vietnamese infants and influenza virus A is an under-appreciated cause of vaccinepreventable disease and hospitalizations in this tropical setting. Public health strategies to reduce infant ARI incidence and hospitalization rates are needed.
A cute respiratory infections (ARI) remain a leading cause of morbidity and mortality in young children globally, and in particular in low-income countries. An estimated 1.9 million children die from ARI worldwide annually, 70% of them in Africa and Southeast Asia. 1 Studies to define the incidence, age-distribution and etiology of respiratory infections in children can help to identify risk groups and to understand the potential impact of current and future vaccines. Although there exists a large hospital-based literature, [2] [3] [4] [5] including studies from Vietnam, 6, 7 there are limited data on the epidemiology and etiology of ARI from community-based studies, particularly in low income settings. [8] [9] [10] [11] Population-based studies of respiratory syncytial virus infection 9, 12 and influenza 13 have demonstrated a substantial burden of disease, including severe disease, in an outpatient setting that would be missed by hospital-based studies. Longitudinal community-based cohort studies have the benefit of capturing this full clinical spectrum, as well as permitting estimates of incidence, detection of repeated infections and identification of risk factors for infection and disease. However, many previous studies have been limited because they were hospital-based, cross-sectional, small in size, did not include year-round case detection, or focused only on the detection of a specific pathogen. Our study aimed to describe the epidemiology and viral etiology of ARI in the first year of life within an ongoing prospective infant cohort in southern Vietnam.
METHODS

Study Location
The catchment area for this southern Vietnam birth cohort study includes a highly urban district in central Ho Chi Minh City (HCMC; District 8, population 408,772 in the 2009 census; population density approx. 20,000/km 2 ) , and a mixed urban/rural district in Dong Thap province, 150 km south-west of HCMC (Cao Lanh district, population 161,292; population density 1500/km 2 ). Four hospitals in HCMC (Hospital for Tropical Diseases, Hung Vuong obstetric hospital, District 8 hospital, Children's Hospital 1) and Dong Thap provincial hospital participated in the study. The protocol was approved by the institutional review boards of these hospitals and the Oxford Tropical Research Ethics Committee.
Study Design
The design and methods of the southern Vietnam birth cohort study have been described previously. 14 In brief, women delivering at Hung Vuong obstetric hospital in HCMC or the provincial hospital in Dong Thap province, and resident in the relevant catchment districts, were invited to enroll during an antenatal visit in the 9th month of pregnancy or on admission for delivery. Written informed consent was obtained from all participants. Infants were enrolled within 72 hours of birth, before discharge from hospital. Infants attended scheduled follow-up visits at 2, 4, 6, 9 and 12 months of age. In HCMC, infants had 2 additional follow-up visits at 1 and 3 months of age. At each visit, data was collected on any illness episodes since the last routine visit. Infants were enrolled from July 1, 2009 
Diagnosis of ARIs
Families were asked to attend a nominated study clinic whenever an infant was unwell. Brief clinical data and a presumptive diagnosis were recorded and a nasopharyngeal swab (NPS) was collected from infants presenting with respiratory symptoms. We subsequently coded illness episodes as ARI based on either an ARI diagnosis recorded by the treating physician, or a recorded diagnosis of "viral infection" or "infection of unknown origin" in the presence of one or more respiratory symptoms (cough, coryza, difficulty breathing), and with a NPS sample collected. A new ARI episode was defined by ≥7 days between symptom onset dates. If infants were admitted to hospital with a suspected infectious disease, detailed clinical data were collected daily during hospitalization, and ARI episodes were classified as above. NPS were collected on admission only if not already collected at an outpatient visit.
To quantify and account for the under-ascertainment of ARI episodes inherent in the clinic-based surveillance, we utilized 2 additional data sources. The first was self-reported illness episodes documented at each routine follow-up visit for the intervening period since the last visit, with ARI classified on the basis of a self-reported diagnosis. We did not attempt to merge these data with the ARI episodes detected through clinicbased surveillance, rather analyzed them as a separate alternative endpoint. The second was data on admissions to 3 hospitals in HCMC (Hospital for Tropical Diseases, District 8 Hospital and Children's Hospital 1) and the provincial hospital in Dong Thap, on all infants under 1 year of age resident in our catchment districts, within the study period. These are the hospitals to which cohort infants are most likely to be admitted. Using name, date of birth and address, we matched these hospital datasets to our enrolment data to identify admissions of cohort infants that had been missed through our clinic-based surveillance, and classified ARI episodes on the basis of the ICD10 code (codes J00-J22 were included). These additional ARI admissions were merged with our existing dataset, and all analyses of hospitalized ARI relate to this merged dataset, unless specified otherwise.
Laboratory Diagnostic Tests
All samples were collected in viral transport medium and stored at 4°C immediately after collection, then transported within 24 hours for storage at -20°C pending further testing. Nucleic acids were extracted on a MagnaPURE 96 platform (Roche, Mannheim, Germany). Reverse transcription was done using Superscript III (Invitrogen, Carlsbad, CA) and random hexamers (Roche). Multiplex polymerase chain reaction (PCR) was used to identify 14 viral respiratory pathogens: influenza A (Flu A), influenza B (Flu B), adenovirus (AdV), enterovirus (ENT), respiratory syncytial virus A and B (RSV), human metapneumovirus (MPV), rhinovirus (Rhi), parainfluenzavirus 1, 2, 3 and 4 (PIV1-4), coronavirus (Cor, including HKU1, NL63, 229E and OC43), human bocavirus (Boca) and parechovirus (PEV). The PCR was performed as a 4-tube assay on a Roche Lightcycler 480 II using primers and probes as described previously, 15 except for the rhinovirus primers and probes which were: AgSCTgCgTggCKgCC (forward); ACACggACACCCAAAgTAgT (reverse); CYAN500-TCCTCCggCCCCTgAATgYggCTAAYC-DB (probe). Equine arteritis virus was used as an internal control. Bacterial diagnostics were not performed.
All NPS samples collected from infants hospitalized with ARI were tested. Due to the large number of samples collected from infants with ARI who were managed as outpatients, we tested only a random sample of 566/2592 of the total (22%), stratified by study sites and study years, selected by random number generation. NPS samples were not available from ARI episodes identified retrospectively from self-reports or from hospital admission records.
Data Analysis
Infant-years of observation (IYO) were calculated as the sum of each infant's duration of follow-up, from birth until the first one of the following: (1) the first birthday; (2) the date of early exit from the cohort for any reason or (3) the date of the last routine visit attended, or last presentation to a study clinic, whichever occurred later, if the infant did not attend the final 12-month visit. The incidence of ARI was calculated separately based on clinical presentations to a study clinic or self-reported episodes, with IYO as the denominator. The incidence of hospitalized ARI was calculated using the merged dataset of admissions detected through surveillance and/or retrospectively identified from hospital records.
Pathogen-specific incidence estimates were calculated by multiplying the proportion of tested samples that were positive for each pathogen by the overall incidence of ARI, using the survey procedure in STATA to account for the fact that only a random sample of specimens collected from outpatient ARI visits were tested.
We examined the distribution of infant observation time, and the age-structure, by calendar month to investigate whether our incidence estimates and age-and season-related observations might be biased by an interaction between the cohort denominator, infant age distribution and virus seasonality. Although the observationtime was evenly distributed across calendar months (see Fig. A , Supplemental Digital Content 1, http://links.lww.com/INF/C70), the age-structure of the infants under observation did vary considerably across calendar months (see Fig. B , Supplemental Digital Content 1, http://links.lww.com/INF/C70) likely due to monthly fluctuations in enrolment rate and the restriction of this dataset to only those infants enrolled during the first 14 months of the study. We therefore calculated ARI incidence stratified by age group (≤6 or >6 months) and calendar quarter, overall and for the 6 most common pathogens. A weighted ARI incidence estimate for all-cause ARI was calculated by combining the stratum-specific estimates, weighted by stratum-specific observation times. Weighted pathogen-specific incidence estimates could not be calculated because the total number of infections for most viruses was too small to stratify by study site as well as age-group and season, and it was not informative to combine 2 sites with such different ARI incidences.
Multivariable negative binominal regression models were used to examine factors associated with ARI, separately for the 2 study sites. Potential factors were selected based on clinical experience and results from prior studies [16] [17] [18] [19] including sociodemographic characteristics, medical history and infants' characteristics at birth.
Selected clinical characteristics of infants hospitalized with ARI and with other diagnoses were compared using χ 2 tests for categorical variables and Wilcoxon rank-sum tests for continuous variables. One-way analysis of variance was used to test for differences in the mean age of infection between viral pathogens. All analyses were performed using STATA 11.0.
RESULTS
Study Population
Between July 1, 2009 and August 31, 2010, 2459 infants born to 2445 women (including 14 sets of twins) were enrolled in the cohort and included in this analysis. One thousand four hundred and seventy-eight of infants (60%) were resident in the urban catchment in HCMC, and 981 (40%) in the urban/rural catchment in Dong Thap. Eighty-four percent of infants (2072/2459) completed the full 12-month follow-up period. Of those who exited the cohort early, 63 (16%) moved, 197 (51%) were lost to follow-up or failed to attend the final study visit, 113 (29%) withdrew from the study, and 14 (3.6%) died, giving a total of 2290 IYO (1415 IYO in HCMC and 875 in Dong Thap). Baseline cohort characteristics are presented in Table 1 .
Incidence of ARI
There were 3121 ARI episodes detected through clinical surveillance and hospital admission records, corresponding to an overall incidence of 1363 ARI presentations per 1000 IYO during the first year of life. This differed markedly between the 2 study sites: in HCMC, 767 ARI episodes were diagnosed (incidence 542/1000 IYO), compared with 2354 ARI episodes (2691/1000 IYO) in DT. When the incidence estimates were weighted for differences in cohort age-structure throughout the year, there was little change (538/1000 IYO in HCMC; 2755/1000 IYO in Dong Thap). The incidence of ARI based on episodes self-reported at follow-up visits was more similar between the study sites: 1036 episodes in HCMC (732/1000 IYO) and 1024 in Dong Thap (1171/1000 IYO).
There were 236 hospital admissions for ARI; 115 in HCMC (in 102 infants) and 121 in DT (in 90 infants), corresponding to admission rates of 81 and 138 per 1000 IYO, respectively [crude incidence rate ratio (IRR) in DT versus HCMC (95% confidence interval {CI}): 1.7 (1.3-2.2)].
Risk Factors for ARI in Infancy
The results of the multivariable regression models of ARI risk are shown in Table 2 . In the urban cohort, ARI incidence was significantly lower in infants whose mothers were educated to higher secondary level or above (adjusted IRR: 0.72; 95% CI: 0.52-0.99), and significantly higher in males (adjusted IRR: 1.5; 95% CI: 1.1-2.0) and infants with older siblings (adjusted IRR: 1.6; 95% CI: 1.2-2.2; Table 3 ).
In the semi-rural cohort, ARI incidence was also significantly lower in infants whose mothers were more highly educated (adjusted IRR: 0.57; 95% CI: 0.47-0.70), as well as in infants whose mothers were aged ≥35 years at delivery (adjusted IRR: 0.49; 95% CI: 0.33-0.72) and in infants born between Oct and Dec, which is the end of the rainy season/beginning of the cooler dry season (adjusted IRR: 0.75; 95% CI :0.60-0.94; Table 3 ). ARI incidence was again significantly higher in infants with older siblings than in those without (adjusted IRR: 1.2; 95% CI: 1.0-1.4).
The risk factor analysis considered ARI episodes detected through clinical surveillance and hospital admission records, not self-reported episodes. Because the number of hospital admissions with ARI was small, this endpoint was not examined separately in the regression analysis.
Clinical Characteristics of Infants Hospitalized with ARI
Among the hospitalized infants detected prospectively, on whom detailed clinical data could be collected, infants hospitalized with ARI were more likely to be admitted to the intensive care unit and to be treated with antibiotics compared with the group of infants admitted with other infectious diagnoses, which included dengue (6.6% of other diagnoses), diarrheal disease (52.7%), hand foot and mouth disease (9.9%), sepsis (3.3%), other systemic febrile illness (14.3%) and others (13.2%; Table 4 ). Infants admitted with ARI tended to have a longer duration of antibiotic use and a longer length of hospital stay than infants with other diagnoses. 
Viral Etiology of ARI Outpatient ARI
Among a random sample of 566 NPS collected from infants with ARI who were managed as outpatients (22% of the total samples collected), at least one respiratory virus was detected in 347 samples (61%). In HCMC, 63/119 samples (53%) were positive; and in Dong Thap, 284/447 samples (64%) were positive. The most common viruses identified were rhinovirus (54% and 62% of total positive samples in HCMC and Dong Thap, respectively), coronavirus (11% and 9%), Flu A (11% and 8%), RSV (10% and 9%), Boca (8% and 9%; Fig. 1A ). Co-detections (2 or 3 viruses) were found in 11% and 17% of positive samples in HCMC and Dong Thap, respectively; the most common viral co-infections were Rhi and ENT, followed by Rhi and Boca, and Rhi and AdV.
Hospitalized ARI
NPS samples were collected from only 64/236 infants hospitalized with ARI and all were tested. The main reason for 
Estimates of Virus-specific Incidence
The above PCR results were extrapolated to estimate the virus-specific incidence of illness and hospitalization during the first year of life in our study population (Table 5) .
Age Distribution and Seasonality of ARI
Approximately two-thirds of all ARI episodes occurred in infants ≥6 months; there were 1148 ARI episodes per 1000 IYO in infants ≤6 months and 1592/1000 IYO in infants >6 months. Infants with coronavirus-or parainfluenza 3-associated ARI were 
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Associations significant at 0.05 level in adjusted analysis are highlighted in bold. *Only outpatient visits detected by clinical surveillance were included. Outpatient visits associated with hospital admissions were counted as hospitalized cases and not outpatient cases.
†Cumulative incidence per 1000 infant-years. ‡Incidence rate ratio (95% confidence interval).
significantly younger than those with influenza (A or B)-, bocavirus-, RSV-or rhinovirus-associated ARI (mean age: Cor 6.2 and PIV-3 6.5 months versus Flu 8.7, Boca 7.7, RSV 7.2 and Rhi 7.2 months; one-way analysis of variance; P = 0.016).
No clear seasonal pattern was observed in the overall incidence of ARI presentations; however, there were pathogen-specific seasonal trends (Fig. 2) . Influenza virus A and RSV infections were highly clustered in the rainy months between July and October 2010, with a second cluster of influenza virus A infections in the dry season between February and May of 2011, whereas other viruses were detected throughout the study period.
ARI incidence stratified by calendar quarter and age-group (≤6 or >6 months) confirmed that older infants generally experienced more ARI episodes than younger infants, independent of season ( Fig. 3) , but this differed between viral etiologies (see 
DISCUSSION
Our findings from a large prospective infant cohort study, spanning a highly urban and a semi-rural setting in southern Vietnam, demonstrate a high incidence of ARI during the first year of life and a breadth of associated viral pathogens. Other studies from other tropical and sub-tropical countries have demonstrated similar or higher ARI incidence in infants, 8, 9, 20 which highlights the significant burden that respiratory infections place on fragile health care systems in these settings.
The incidence of ARI was higher in infants ≥6 months of age than in those <6 months in our cohort, consistent with other reports. 10, 13, 21, 22 This age distribution was pathogen-specific, with coronavirus detected in a greater proportion of ARI in younger infants than older infants, influenza viruses detected mainly in infants >6 months, and rhinovirus detected in similar proportions across all age groups. Other authors have reported that the incidence of RSV infection is higher in older infants than in those <6 months, 9, 23 but that infants <6 months are at increased risk of severe disease and hospitalization. 2, 4, 9, 12, 23 Although the total number of laboratory-confirmed RSV cases in our cohort was moderately low (n = 41), only 7/30 (23%) of outpatient RSV-associated ARI occurred in the first 6 months of life compared with 6/11 (55%) of RSV-associated hospital admissions in our study (P = 0.06), which is consistent with the pattern of age-dependent disease severity reported by others. These age-related observations are relevant to understanding maternally acquired passive immunity and the targeting of available (eg, influenza) and potential future (eg, RSV) vaccinations against viral respiratory infections in young children.
A viral pathogen was detected in the majority of respiratory specimens collected from infants presenting with ARI, and the overall proportion positive (61% in outpatients and 70% in inpatients) was within the same range as other studies that used comparable sampling and molecular diagnostic tests (61% 2 and 72%-82% 7, 24 ). Rhinovirus was the predominant virus detected both in infants admitted to hospital and those seen as outpatients, where it accounted for more than half of the PCR-positive samples. RSV, bocavirus, influenza virus A, coronavirus and parainfluenzavirus 3 (predominantly in inpatients) were the next most commonly detected viruses, which broadly reflects the etiological patterns reported from other settings. 7, 8, [24] [25] [26] [27] We extrapolated from the subset of respiratory specimens tested by PCR, to infer virus-specific minimum incidence rates in the first year of life for the predominant pathogens. These estimates are subject to the limitation of case ascertainment, discussed further below, which partly explains the differences between study sites and means that these will be underestimates of the true virusspecific incidence. This extrapolation furthermore assumes a similar pathogen distribution among the ARI episodes from which no specimen was available [293/2885 (10%) of outpatient ARI and 172/236 (73%) of inpatient ARI episodes] as among those specimens tested. An interaction between the time-varying age-distribution of infants under observation and the seasonality of the viruses could conceivably have biased these estimates in either direction, but we were not able to weight the incidence estimates to adjust for this due to very small counts of pathogen-specific infections in many strata when stratifying by study site, inpatient/outpatient, age group and calendar quarter. Nonetheless, these data illustrate the high rates of respiratory virus infection experienced by infants during their first year of life, especially in the semi-rural cohort. The estimated incidence of influenza virus-associated ARI in our Dong Thap cohort is very similar to an infant cohort in rural India 8 where cases were actively detected through household visits, and 1.5-to threefold higher than reported from a clinic-based study in the US. 12 Our estimates of RSV-associated ARI hospitalizations in the semi-rural cohort are also very similar to those from a community-based cohort in Kenya 9 and a clinic-based study in the US, 12 although the overall incidence of RSV in our study was substantially lower than reported from the Kenyan cohort or the rural Indian cohort.
To the best of our knowledge, this study is the first birth cohort study in tropical Southeast Asia including surveillance for infectious *Because the estimates for pathogen-specific incidence for outpatient ARI were based on the results from a random sample of the study population, 95% confidence intervals are reported.
diseases, and its strengths lie in its longitudinal population-based design, large sample size from both urban and semi-rural settings, and linkage between sociodemographic, clinical and laboratory data. There are however some limitations. First, our ascertainment of acute illness episodes was passive and consequently incomplete, particularly in HCMC, as compared with self-reported episodes or with hospital admission records. This is likely due to the abundance of health care providers in the city that families might use in preference to our study clinic. As a result, it is highly likely that the incidence of ARI in the HCMC cohort was considerably underestimated. The ARI incidence in our semi-rural cohort was also somewhat lower that has been reported in other studies where active case detection was employed, 10 indicating that our passive clinic-based case detection might have resulted in some under-ascertainment also in the semi-rural cohort. Second, the study population was drawn from women delivering at one large hospital in each study site, who may not constitute a representative cross-section of the catchment population. Third, the great majority of infants were ≥37 weeks gestation and therefore we www.pidj.com | 369 cannot generalize our observations to preterm babies, who may be at higher risk for ARI during infancy. [28] [29] [30] Fourth, the detection of respiratory viruses by PCR in ARI patients does not necessarily imply a causative role. Rhinovirus and coronavirus have been detected frequently also in the nasopharynx of asymptomatic children; 27, [31] [32] [33] [34] [35] however, RSV and influenza viruses are rarely detected in healthy controls, 31, 34, 35 suggesting these pathogens are causally linked to the ARI episode. Finally, bacterial pathogens are known to be contributors to ARI in young children 36, 37 but were not investigated in this study due to logistical and financial constraints.
CONCLUSIONS
We have demonstrated a high burden of ARI during the first year of life in southern Vietnam. A range of known viral respiratory pathogens contribute to this burden, including viruses for which vaccines are available (influenza) or in development (RSV), and the relative contribution of these viruses was broadly similar in the urban and semi-rural populations. Such age-specific data on the incidence and viral etiology of ARI in infants can inform efforts for the development and implementation of infant and maternal vaccines and other interventions to reduce ARI incidence and hospitalization rates for infants, particularly in semirural and rural settings. 
